Abstract The looming food insecurity demands the utilization of nutrient-rich residues from food industries as valueadded products. Whey, a dairy industry waste has been characterized to be excellent nourishment with an array of bioactive components. Whey protein comprises 20 % of total milk protein and it is rich in branched and essential amino acids, functional peptides, antioxidants and immunoglobulins. It confers benefits against a wide range of metabolic diseases such as cardiovascular complications, hypertension, obesity, diabetes, cancer and phenylketonuria. The protein has been validated to boost recovery from resistance exercise-injuries, stimulate gut physiology and protect skin against detrimental radiations. Apart from health invigoration, whey protein has proved its suitability as fat replacer and emulsifier. Further, its edible and antimicrobial packaging potential renders its highly desirable in food as well as pharmaceutical sectors. Considering the enormous nutraceutical worth of whey protein, this review emphasizes on its established and emerging biological roles. Present and future scopes in food processing and dietary supplement formulation are discussed. Associated hurdles are identified and how technical advancement might augment its applications are explored. This review is expected to provide valuable insight on whey protein-fortified functional foods, associated technical hurdles and scopes of improvement.
Introduction
Protein is the most satiating macronutrient and protein-rich diets are known to exert beneficial effects on body composition and metabolism (Bertenshaw et al. 2008; Chou et al. 2012) . Increasing numbers of studies are reporting that the protein fraction in diet is insufficient (for available sources are scarce and expensive). Another study corroborates that protein deficiency is one of the major public health concerns, especially in developing countries (Gomes et al. 2009 ). In this scenario, prospecting for supplemental sources of dietary protein is of paramount importance. In the face of depleting resources and burgeoning population, repurposing of unconventional food ingredients by innovative technology can establish sustainability (Malik 2007) . A slew of obscure and once-vilified agro-industrial by-products such as cereal brans (Pavlovich-Abril et al. 2012) , soy pulp (Katayama and Wilson 2008) , fruit pomace (Bhushan et al. 2008) , seafood wastes (Ben Rebah and Miled 2012) , and whey (Sousa et al. 2012 ) are soaring in popularity as nutrient-dense food components. Exploitation of bioactive ingredients is universally being encouraged (Baiano 2014) . This review focuses on food and pharmaceutical relevance of whey proteins.
Whey (the liquid left after milk curdling) was deemed a waste by the dairy industry for decades. The effluent caused major disposal issues, due to its high organic matter and resultant high biological oxygen demand (Ahn et al. 2000) . Fortunately, the potential of whey as a resource is being recognized now. Whey has been quantified to contain 15-20 % of total milk proteins and that is too big an amount to let go (Yalçin 2006) . With discovery of the high protein content, whey has consolidated its position in food sector. Now, whey protein is valued more than egg, casein and soy protein, for its high nutritional quality and fast absorption (Sindayikengera and Xia 2006) . Whey protein is globular with main components as β-lactoglobulins (35-65 %) and α-lactalbulins (12-25 %). The minor ingredients include immunoglobulins (8 %), serum albumins (5 %) and lactoferrin (1 %) (Smithers et al. 1996) . Whey protein is a rich source of branched-chain amino acids (leucine, isoleucine, and valine), essential amino acids (cysteine) and peptides as well (Hulmi et al. 2010) . Leucine is abundant (50-75 % higher than other protein sources) and it plays key role in the regulation of skeletal muscle protein synthesis (Chen et al. 2014) . Whey protein is rich in sulfhydryl amino acid cysteine, a precursor of glutathione, the non-enzymatic thiol antioxidant obtained from diet (Bell 2000) . Glutathione plays key role in reducing oxidative stress, regulating cellular processes, imbalance of which can trigger diseases (Trachootham et al. 2008) . Lactoperoxidase enzymes, glycomacropeptides (12 %) and lactose are other important components of whey (Abdel-Salam and Effat 2010) . Glycomacropeptide is a casein-derived whey peptide, released by rennet during the manufacture of cheese (Neelima et al. 2013 ). This peptide has many proven benefits such as satiating effect and phenylketonuria management potential. Based on their concentration and attributes, whey proteins are marketed in various forms such as whey protein concentrate (has fat and lactose along with proteins (29-89 %)), whey protein isolate (90 % protein) and whey protein hydrolysate (partially digested for ease of metabolism and hypoallergenicity) (Barth and Behnke 1997) . A broad range of functionality has been assigned to whey protein and its derivatives, such as reduction of oxidative stress, promotion of muscle growth and lean body mass, appetite suppression, hypoglycemia, cardiovascular risk mitigation, phenylketonuria management and protection from ultraviolet (UV) radiation (Sousa et al. 2012) . Further, its role in food processing such as emulsifier, texturizer, fat-replacer, encapsulating agent, delivery vehicle and antimicrobial film are being recognized (Hu et al. 2003; Fernández-Pan et al. 2012) . Current time has witnessed a deluge of publications on nutraceutical applications of whey proteins. The aim of this review is to keep track of the seminal findings in this field.
Implications of whey proteins
Whey protein in its various derivative forms (concentrate, isolate and hydrolysate) has been verified to encompass diverse physiological properties. Convincing number of therapeutic and food additive roles have been identified in the past decade and potential functions are surfacing regularly. The sections below embody the recent key studies and their profound results. Figure 1 illustrates the whey protein components and the validated health benefits.
Antioxidant, anti-inflammation and hepato-protection
Inflammatory or oxidative stress begets cystic fibrosis, pneumonia, diabetes, cancer, atherosclerosis, myocardial infarction, aging and a host of other degenerative diseases (Essick and Sam 2010) . As precursor of the antioxidant glutathione, whey protein holds eminese in nullifying the adverse effects of the stressors. Hyperbaric treatment of whey protein accelerated the release of bioactive peptides, raised intracellular glutathione level and abated the in vitro generation of interleukin IL-8 (this cytokine is believed to mediate pathogenesis of respiratory tract diseases) (Piccolomini et al. 2012) . It was observed that one month dietary supplementation with pressurized whey (20 g/day) in cystic fibrosis patients significantly reduced serum C-reactive protein (CRP level is the metric of inflammation in body) level (Lands et al. 2010) . Alcalasehydrolysed whey protein was screened for anti-oxidative peptides. Two fragments, P4 and P4c (a pentapeptide Val-HisLeu-Lys-Pro) demonstrated significant protection of human lung fibroblast MRC-5 cells from H 2 O 2 abuse (Kong et al. 2012 ). The anti-inflammatory effect of a new enteral diet (tube feeding) MHN-02, rich in antioxidants and whey peptide was evaluated in rats (Takayanagi et al. 2011 ). The survival rates of the rodents receiving the MHN-02 diet and the control diet were 90 and 55 %, respectively. In the MHN-02 diet group, levels of serum liver enzymes (alanine transaminase and aspartate transaminase) and serum cytokines (IL-1β, IL-6, TNF-α) were significantly lower than in the control group. The oxidative-attenuation potential was inferred from the lowered level of the above oxidative stress biomarkers. Superoxide dismutase activity (conversion of superoxide radical to H 2 O 2 and O 2 ) in the MHN-02 diet group was higher and pathological lesions were lower. It was suggested that supplementation of enteral diets enriched with whey peptide and antioxidants might protect against hepatitis. The evidence supporting the role of whey protein in augmenting glutathione synthesis in neurons and alleviating neurodegenerative maladies was reviewed (Ross et al. 2012) . The antioxidant and anti-inflammatory effects of pressurized whey protein isolate and native hydrolysate in human epithelial colorectal adenocarcinoma Caco-2 cells exposed to H 2 O 2 were compared (Piccolomini et al. 2012) . Both the pressurized and native hydrolysate inhibited IL-8 secretion and reactive oxygen species (ROS) generation while increasing ferric ion reducing antioxidant power (FRAP) in a dose-dependent manner. The inhibition of IL-8 secretion and ROS generation was significantly greater for pressurized whey protein isolate compared to the native hydrolysate. The results suggested that whey protein isolate hydrolysates can alleviate inflammation and oxidative stress in intestinal cells exposed to oxidative injury, which is further enhanced by their hyperbaric treatment. Peptide mixture derived from the neutrase hydrolysis of cheese whey protein exhibited strong angiotensin-converting enzyme (ACE) inhibition activity. As ACE regulates multiple biological processes and often implicated with cardiovascular and renal complications (Eliseeva 2001) , its inhibition by the whey peptides holds relevance. The principal functional peptides were below 1 kDa and accounted for 38 % of the initial protein content in the hydrolysate (Estévez et al. 2012) . The effects of whey protein intake on heat shock protein HSP70 (known to confer greater cellular tolerance against stressors) expression were studied in rats. Test animals were fed with different protein diets for 3 weeks. Treadmill running was used as the source of stress. Significant HSP70 expression in the soleus, gastrocnemius and lungs of the whey protein hydrolysate-fed rats was observed compared to whey protein or casein-fed rats. Protein carbonyls, biomarkers of oxidative stress were lower in the group that consumed whey protein hydrolysate. From the result, it was inferred that the consumption of whey protein hydrolysate enhances HSP70 expression (De Moura et al. 2013 ). An extension of this study indicated that the whey protein hydrolysate is caoable of augmenting cell survival factors such as HSP90 and vascular endothelial growth factor (VEGF) (Moura et al. 2014) . The ameliorating effect of whey protein on oxidative stress in rats was studied. The test animals subjected to iron overload were given placebo or whey protein. After 6 week, the iron overload group showed a reduction in radical scavenging capacity with a concomitant increase in lipid peroxidation. On the other hand, the concentration of blood glutathione level was significantly higher in the iron overload supplemented with whey group compared to only iron overload group. Iron is a known genotoxic agent, capable of DNA aberration and consequent carcinogenesis . Whey protein reversed the iron overload-induced DNA damage in leukocytes and colonocytes (Kim et al. 2013) . As the detrimental effect of iron is ROS-mediated (Park et al. 2007 ), whey protein is assumed to combat them. The pathogen Pseudomonas aeruginosa is capable of infecting multiple organs and system in human. Lungs colonization by the pathogen results in chills, fever, cough and dyspnea (difficulty in breathing) (Lyczak et al. 2002) . The feasibility of using pressurized whey protein for lowering the risk of pulmonary infection by this pathogen was investigated (Kishta et al. 2013) . Decreased level of inflammatory response, oxidative stress, and lung damage in the pressurized whey-fed mice was observed. This outcome corroborated previous reports that whey protein subjected to hyperbaric treatment has superior biological attributes. Shielding the airway proteins from oxidation and stimulating leukocytes to kill the pathogens was derived to be the underlying mechanism. The antioxidant effect of whey protein hydrolysate against paracetamol-induced hepato-nephrotoxicity was evaluated in mice. The animals on paracetamol were administered with the hydrolysate (intraperitoneally 4 mg/kg or orally 8 mg/kg) for 4 days followed by euthanizing. Analysis of the liver homogenate showed increased level of antioxidant enzymes (catalase, superoxide dismutase, and glutathione peroxidase) and lowered thiobarbituric acid reactive substances (TBARS). The hydrolysate lowered the concentration of oxidative biomarkers alkaline phosphatase, glutathione pyruvate transaminase and Fig. 1 Constituents and applications of whey protein creatinine and restored the normal level of blood urea nitrogen in the sera of mice subjected to paracetamol abuse (Athira et al. 2013) . The in vitro free radical scavenging activity of sheep whey protein was determined. Results showed that the protein efficiently scavenged 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) and hydroxyl radicals, increasing glutathione level (Kerasioti et al. 2014) . Chymotrypsin-generated whey protein hydrolysate had better DPPH-scavenging and ferrous-chelating capacity than whey protein isolate. The former proved to be an effective anti-fatigue agent in mice model (Liu et al. 2014a) . Longer swimming time and haematological parameters (higher level of glucose, free fatty acids, glycogen, superoxide dismutase and glutathione peroxidase and lower concentration of lactate) led to this conclusion.
Anticancer
Several studies have suggested that whey protein may confer benefits on cancer patients. Further it has been demonstrated that the hydrolysis of the protein might improve the anticancer efficacy. Rat with colon cancer, when fed with whey protein hydrolysate developed significantly less macroscopic and microscopic tumours compared to the group, fed with untreated whey protein (Attaallah et al. 2012) . Anticancer effect of whey protein was investigated using melanoma B16F10 cells as the model. Caspase-3 expression increased significantly in the whey protein isolate-containing media (Castro et al. 2009 ). The role of Caspase-3 in mediating apoptotic cell death has been well-documented (Takata et al. 2001) . A 48-year-old Caucasian female with recurrent cervical cancer was administered with whey protein (10 g thrice daily) and a weekly intramuscular injection of testosterone enanthate before and during the standard-of-care (SOC) chemotherapy. As a result of the combination therapy, improvement of lean body mass, physical activity, and overall quality of life was observed (Dillon et al. 2012) . The protective effect of whey protein hydrolysate against oxidative damage on rat pheochromocytoma PC12 cells was studied. At a dose of 100-400 μg hydrolysate/ml, the viable cells increased by 20-30 % compared to those incubated in H 2 O 2 , suggesting antioxidant potential of the former (Zhang et al. 2012 ).
Immunomodulation
Whey protein concentrates enhance innate mucosal immunity during early life and have a protective role in some immune disorders (Pérez-Cano et al. 2007 ). The incidence of atopic dermatitis (a chronic skin disease characterized by swollen, scaly and itchy rashes) is increasing worldwide, infants being a major vulnerable group. A meta-analysis of systematic review revealed that incidence of atopic dermatitis was considerably lower among infants in the partially hydrolyzed whey-based formula group compared to the bovine milk group (Alexander et al. 2010 ). The finding suggested that whey-based formula might protect infants from atopic dermatitis. The effect of whey protein concentrate on blood parameters, plasma cytokine profiles, immune cell proliferation and migration was investigated in mice model (Badr et al. 2012b ). The plasma levels of IL-1α, IL-1β, IL-10 and TNF-α and the levels of ROS and cholesterol were significantly lowered in the whey protein-treated group compared to the control group. In the treated group, levels of IL-2, IL-4, IL-7, IL-8 and glutathione concentration significantly improved, also the ability of lymphocytes, monocytes and macrophages to proliferate in response to stimulation with different antigens increased. Cytokine CC chemokine ligand-21 (CCL21) and CXC chemokine ligand-12 (CXCL12) attracts and tethers immune cells towards them. It was observed that in vitro migration of B cells, T cells and dendritic cells towards the two cytokines significantly increased in whey protein-treated group compared to the control (Badr et al. 2012b) . Psoriasis is chronic autoimmune disease causing thick skin, dry scales and red patches. It was investigated whether bioactive whey protein isolate can increase glutathione levels and resultantly combat the severity of systemic inflammation due to psoriasis. The intake of 20 g/day whey protein isolate improved the conditions of the patients (Prussick et al. 2013 ).
Cardioprotective and hypotensive
Whey protein intake reduces cardiovascular disease (ischemic stroke) risk, but precise role of their peptides in regulation of vascular endothelial function has not been adequately investigated. Whey-derived extract (NOP-47) ingestion increased impaired brachial artery flow-mediated dilation (improved endothelial function). Postprandial plasma amino acids level increased. The improvement in arterial dilation was found to be independent of the circulating vasoactive compounds such as nitric oxide, prostacyclin and endothelium-derived hyperpolarizing factor. It was inferred that cardiovascular risk might be alleviated using rapid-absorbable extracts derived from whey (Ballard et al. 2013 ). The effects of whey protein supplementation and resistance training on antioxidant status and cardiovascular risk factors were examined in overweight young men (Sheikholeslami Vatani and Ahmadi Kani Golzar 2012). Findings suggested the synergistic effect of resistance training and whey consumption as manifested in higher total antioxidant capacity, glutathione and HDL levels.
Gut function and prebiotic
Gut dysfunction (delayed gastric emptying, abnormal motility patterns, and weak intestinal barrier) is a serious issue in critically-ill patients. It was suggested that whey protein fortification might impart inflammation and improve tolerance towards enteral nutrition (Abrahão 2012) . In order to exert its therapeutic property, lactic acid bacteria and yeast need to be viable. Ensuring their high survival rate in the inhospitable gastrointestinal environment poses a critical challenge. Further, storage period tends to inhibit the probiotic strains. Whey protein gels have shown efficacy in protecting the microbes against the adverse conditions. The efficacy of encapsulating Lactobacillus rhamnosus CRL 1505 in whey protein and pectin to improve the survival rate in low pH and bile milieu was evaluated (Gerez et al. 2012) . Based on results, pectin beads with a whey protein layer could be used as probiotic carrier in acidic functional foods. A novel peptide GlyTyr with a specific calcium-binding capacity was isolated from whey protein hydrolysate. The chelating mechanism of the peptide was investigated and the major binding sites were found to be the oxygen atom of the carbonyl group and nitrogen of the amino or imino group (Zhao et al. 2014 ). This peptide might boost calcium absorption in the gastrointestinal tract and developing the peptide-calcium chelate as a supplement for enhanced calcium bioavailability seems promising. The role of whey protein in conferring stability to probiotics and prebiotics was investigated. Lactobacillus acidophilus and Bifidobacterium were viable in yogurt beverages stabilized with high-methoxyl pectin and whey protein concentrate (Walsh et al. 2014) .
Whey protein isolate and alginate microparticles proved suitable as oral delivery systems for probiotic yeast Saccharomyces boulardii. The study conducted using simulated gastric and intestinal fluid demonstrated survival rate of 40 % for the encapsulated yeast compared to 10 % for free yeast cells (Hébrard et al. 2010 ). The effect of whey protein on the survival of S. boulardii within spray-dried microcapsules was investigated further. It was concluded that the early crust formation at a given sample pH and temperature during spray drying improves the viability of S. boulardii within microcapsules (Duongthingoc et al. 2013 ).
Obesity management
Dietary adjustment has been shown to fight obesity and in this regard, whey protein is considered helpful. A 1-week trial with mice fed ad libitum with high-fat diet containing generous amount of whey protein, or supplemented with leucine was performed. It was inferred that the ameliorating effects of the protein-rich diet on metabolic disorders are precisely due to modulation of satiety mediated by liver lipogenesis attenuation (Freudenberg et al. 2013) . A 12-week study showed that whey protein concentrate preloads conducted 30 min prior to the ad libitum main meal exerts stronger beneficial effects than that of soy protein isolate on appetite, calorie intake, anthropometry (body mass index and waist circumference), and body composition (body fat mass and lean muscle) of obese men (Tahavorgar et al. 2014) . Understanding the modulation of anorectic and orexigenic hormone levels by whey proteins might provide further insight in this context.
Anti-diabetic
Diabetes remains a major public health issue of epidemic stature that begets many complications such as loss of vision, angiopathy, reduced blood flow leading to tissue hypoxia and ulcers with difficult healing (Casqueiro et al. 2012 ). Type-2 diabetes is treated both by controlled diet and hypoglycaemic drugs. Whey protein have been demonstrated to reduce serum glucose level in healthy individuals, maintain muscle mass, boost the release of satiety hormones (cholecystokinin, leptin, and glucagon like-peptide 1 (GLP-1)) and lower the secretion of hunger hormone ghrelin (Sousa et al. 2012) . It was shown that cysteine, a key component of whey protein could be used as an ancillary therapy in glycaemia and vascular inflammation control in the diabetics (Jain 2012) . The effects of whey proteins on the recuperation of diabetic wounds in an induced type I diabetic mouse model was investigated (Badr et al. 2012a) . Compared with untreated diabetic mice, supplementation with whey proteins significantly accelerated the closure of diabetic lesions by restricting the access of inflammatory cytokines by maintaining normal IL-10, TNF-α, IL-1β and IL-6 levels. Further, the supplementation modulated the expression of the chemokines MIP-1α, MIP-2, KC, CX3CL1 and TGF-β in wound tissue compared to untreated diabetic mice. The insulin secreting effect of whey protein was investigated and increased serum levels of leucine, isoleucine, valine, lysine, threonine was inferred as the core mechanism (Salehi et al. 2012) . The action of whey protein on insulin secretion from isolated mouse Langerhans islets was studied. Whey protein fractions (whey isolate and whey hydrolysate) added to a fat-rich meal lowered postprandial triglyceride responses in type 2 diabetic subjects. Both components provoked a higher insulin response (Mortensen et al. 2012) . A hydrolyzed whey protein-based supplement was fed to rats for 30 days. It resulted in a higher leucine level followed by increased insulin level (Toedebusch et al. 2012) . It was reviewed that whey protein is metabolized in gut as peptides and amino acids which stimulate gut hormones (cholecystokinin, peptide tyrosine tyrosine (PYY)) and incretin hormones (gastric inhibitory peptide and GLP-1) that further induce insulin secretion from the pancreatic β-cells. It was further reported that the peptides might be inhibiting dipeptidyl peptidase-4 (DPP-4) (an inhibitor of incretins) in the proximal gut, preventing incretin degradation (Jakubowicz and Froy 2013) . The mechanism of whey protein action on the reduction of postprandial spikes in glucose was evaluated through a randomized, crossover study. During the study spanning 230 min, whey protein resulted in lowered plasma glucose, insulin and Cpeptide level but elevated GLP-1 and PYY level than the glucose preloads. Results suggested that pre-meal consumption of whey protein lowers post-meal glycaemia by both insulin-dependent and insulin-independent mechanisms (Akhavan et al. 2014 ). The effect of whey protein and its hydrolysate-leucine supplementation in non-obese, insulin-resistant rat model was studied. Results showed that both forms of protein can improve insulin resistance (Tong et al. 2014 ).
Resistance exercise and muscle synthesis
Resistance exercise, eccentric (muscle lengthening), isometric (non-lengthening) and concentric (shortening) contractions cause skeletal muscle damage and generate inflammatory markers (muscle proteins in blood) (Morton et al. 2009 ). Anabolic interventions with protein hydrolysates and amino acid supplements have been evidenced to expedite the repair. Leucine-derived metabolite β-hydroxy-β-methylbutyrate ingestion has proved beneficial in recovery from the soreness. Resistance exercise (weight-lifting) elevates oxidation products in plasma, perturbs leukocyte redistribution and leukocyte functionality (Freidenreich and Volek 2012) . Whey protein isolate nanoparticles were prepared using ethanol desolvation and their capacity to incorporate ZnCl 2 was analysed. The amount of zinc incorporated in the particle suspensions was within the range of daily zinc requirements for healthy adults. Also, the nanoparticles remained stable after 30 days of storage at 22°C (Gülseren et al. 2012 ). Cell surface glucose transporter 4 (GLUT 4) is the major glucose transporter isoform expressed in skeletal muscle that determines the rate of muscle glucose transport in the cell membrane, in response to insulin and muscle contraction. Whey protein hydrolysate was evaluated for its ability to translocate GLUT 4 and accumulate them in the membrane thereby augmenting glucose trapping by skeletal muscle. The amino acid L-isoleucine and the peptide L-leucyl-L-isoleucine in the hydrolysate contributed the most ). The effect of whey supplementation in comparison to casein diet, on the recovery of muscle functional properties such as contractility, extensibility, elasticity and excitability was investigated in rats. The whey protein diet promoted a faster recovery from injury sustained due to isometric as well as concentric exercise in comparison to the casein diet (Martin et al. 2013) . The effect of the supplementation of a beverage with varying doses of leucine or a mixture of branched chain amino acids on myofibrillar protein synthesis after resistance exercise was assessed. Results showed that low-protein (6.25 g) beverage can be as effective as a high-protein dose (25 g) at stimulating myofibrillar protein synthesis rates when supplemented with a high (5 g) leucine content (Churchward-Venne et al. 2014) . As leucine comprises 10 % of the total whey amino acid, the latter appears important for augmenting muscle hypertrophy. Health parameters, performance and body composition effects produced by 12 week intake of hydrolysed whey protein were compared in players. Intervention with the hydrolysed whey protein resulted in significant reduction in the muscle damage markers (creatine kinase and lactate dehydrogenase) (Lollo et al. 2014) . Muscle mass growth by daily consumption of whey protein was compared with that of soy protein, using a randomized study on subjects undergoing resistance exercise (Volek et al. 2013) . Lean body mass gains were significantly high in whey protein than soy protein group and the remarkable response was correlated with the elevated levels of leucine and faster absorption.
Phenylketonuria management
Phenylketonuria is a genetic disorder (mutation in the phenylalanine hydroxylase gene) causing excessive accumulation of phenylalanine (Williams et al. 2008) . Failure to use phenylalanine leads to many health complications. Key management strategy includes low phenylalanine diet. It was reported that whey protein glycomacropeptide with low phenylalanine content is suitable for incorporation into the diets of these patients (van Calcar and Ney 2012) . A study on phenylketonuria mice showed that glycomacropeptide diet significantly attenuated the adverse effects assoacited with this disease. Energy expenditure, food intake, systemic inflammation markers and plasma level of phenylalanine were lowered more efficiently than that of casein diet (it has high phenylalanine content). Moreover, total fat mass and the respiratory exchange ratio were significantly lower in phenylketonuria mice fed with glycomacropeptide (Solverson et al. 2012) . Osteopenia (skeletal fragility due to reduced mineral content of bones) is a complication associated with phenylketonuria (Demirdas et al. 2015) . It was reported that glycomacropeptide diet ameliorated this condition. Bone health improved and higher radial bone growth was observed (Ney et al. 2014) . The above studies indicate that glycomacropeptide is a better alternative to the regular synthetic amino acids, for it improves the taste and satiety of diet leading to better patient compliance (Strisciuglio and Concolino 2014) .
Skin protectant
Photoaging or dermatoheliosis is the adverse changes in skin caused by long-term exposure to UV radiations (Lowe et al. 1995) . The effects of consuming whey peptides (200 and 400 mg/kg, twice daily) on chronic UV-B radiation-induced skin alterations (thickness, suppleness and wrinkle formation) were investigated in mice models. The peptides ameliorated photoaging by inhibiting the increase in dermal stiffness, wrinkling and melanin granule formation. The peptides lowered the expression of matrix metalloproteinase (MMP-2 and pro-MMP-9) and VEGF. Also, they averted increase in the number of apoptotic, Ki-67-positive and 8-hydroxy-2′-deoxyguanosine (8-OHdG)-positive cells induced by chronic UV-B irradiation. The peptides prevented type IV collagen (most abundant structural basement membrane component of tissue) degradation, angiogenesis, proliferation and DNA damage caused by irradiation (Kimura et al. 2014) . Scavenging of free radicals might be the corrective mechanism.
Emerging ameliorative roles
Apart from the above therapeutic roles, whey proteins are proving effective in management of several other health issues. An in vitro study indicated that the whey protein stimulates proliferation and differentiation of osteoblasts, thus it might have therapeutic role in osteoporosis (Xu 2009 ). Periodontal disease is a common chronic infection in adults (Loesche and Grossman 2001) . Consumption of diet rich in Ca, casein and whey protein had positive correlation with periodontitis prevention (Adegboye et al. 2015) . Oral supplementation of whey protein concentrate reduced the hepatitis C virus (HCV) burden in a clinical trial. Anti-inflammation, augmentation of hepatic and phagocytic functionality was discerned to be the underlying mechanism (Elattar et al. 2010) . Discovery of other prospective roles constitutes an exciting avenue.
Food additives
Whey protein has found favor in food applications owing to its gelation, thermal stability, foaming and emulsification properties. This protein is used for food quality improvement in multifarious ways such as sensorial enhancement and texture promotion. Several studies have reported the structural and nutritional impact of whey protein such as yoghurt, beverage, pasta, energy bars and bakery preparation. This study demonstrated the ability of non-heated whey protein-high methoxyl pectin complex to act as fat-replacer and texturing agent in reduced-fat yoghurt (Krzeminski et al. 2014) . The composite-amended skim milk formulations imparted a texture akin to whole-fat yoghurt. This study investigated the characteristic of emulsions stabilized by whey protein and reported good stability. Droplets merger generated high molecular weight protein aggregates which reduced the emulsifying capacity. High-pressure (20-100 MPa) homogenization and a greater number of passes resulted in more stable emulsions (Kuhn and Cunha 2012) . The influence of milk proteinbased ingredients on microstructure of probiotic yogurt (amended with a commercial starter culture and Bifidobacterium lactis Bb12) during a 28 day refrigeration period was studied (Akalın et al. 2012) . Fortification with sodium calcium caseinate (2 %) improved the firmness, adhesiveness and viscosity of yoghurt. However, whey protein concentrate (2 %) enhanced water-holding capacity more than the caseinate. Whey protein concentrate-fortified yoghurt had thicker texture and lower syneresis (collection of whey on yoghurt surface) issues. A date bar fortified with whey protein and another plant protein was prepared for school-going children. The nutritional profile of the product was optimized with response surface methodology (RSM) and 6.05 % whey protein concentrate proved to be ideal for the purpose (Nadeem et al. 2012) . Pearl millet supplemented with barley flour, whey protein concentrate and carboxy methyl cellulose and water was used to make pasta (Yadav et al. 2014) . Consistent research might result in many whey-protein based food products.
Encapsulation, edible coating, active packaging, delivery systems
A range of food, additives, essential oils and vitamins can be encapsulated, packaged in whey protein gel for stability augmentation and rancidity reduction. Sustaining the accessibility of iron in fortified foods often poses bottlenecks. To handle this issue, the cold-set gelling ability of whey protein isolate was explored. In this pursuit, iron was entrapped in presence of ascorbate using cold-set gelation (Martin and de Jong 2012) . TNO Intestinal Model (TIM) was studied to optimize the ratio of iron and ascorbate. The cold-set gelation of whey protein provoked by iron and ascorbate proved fruitful in boosting the recovery and in vitro bio-accessibility of iron (increased from 10 to 80 %). Gel strengthening effect of ascorbate was attributed to the superior encapsulation efficiency and controlled release of iron. Another study compared the encapsulation competency of the desolvated suspension of whey protein isolate-nanoparticle with or without methoxyl pectin (Gülseren et al. 2012 ). The suspension with pectin resisted homogenization and rendered stability. Also, this complex demonstrated higher interfacial pressures during storage at pH 3, compared to the whey protein isolatenanoparticle suspension without pectin, suggesting their candidacy as surfactants. Essential oils extracted from botanical sources are abundant in phenolic acids and flavonoids. They possess multiple pharmacological benefits but are prone to instability. Encapsulation is deemed to be a solution in this regard. The feasibility of microencapsulating cardamom essential oil in whey protein isolate was explored. At 30 % concentration whey protein isolate microcapsules retained the essential oil optimally throughout storage at the studied temperatures. Also, whey protein isolate microcapsules had smooth texture, regular contours and spherical shapes (Mehyar et al. 2014) . Appreciable encapsulation of folic acid was achieved using whey protein concentrate as matrix. The encapsulation was traced down to the favourable interactions between the protein and folic facilitating incorporation of the vitamin. Empirical results showed that whey protein concentrate serve better than the commercial resistant starch for folic acid stability (Pérez-Masiá et al. 2015) . This study assessed the oxygen-scavenging potential of an edible whey protein isolate film impregnated with ascorbic acid. The film with good tensile strength reduced oxygen permeability which might be used to extend the shelf life of a wide variety of oxygensensitive products by eliminating headspace oxygen as well as oxygen diffusion through the barrier (Janjarasskul et al. 2011) . Nuts are healthy snacks but have poor shelf life. Edible coating have shown efficacy in delaying the onset of rancidity in them. Implication of whey protein isolate in reducing oxidation and rancidity of walnuts and pine nuts were studied (Mehyar et al. 2012) . When used along with pea starch and carnauba wax, it generated a non-homogenous film. The nuts coated with this film had better sensory characteristics that untreated nuts, when stored at 25°C for 12 days. Active packaging involves additives which provide benefits beyond basic barrier properties. Antimicrobial packaging (the use of edible films to release antimicrobial constituents) is a form of active packaging. Antimicrobial properties of whey protein isolate films containing spice (oregano, rosemary, garlic etc.) essential oils are desirable for this objective. Whey protein was evaluated to reinforce oxygen barrier properties of commercial compostable plastic film. The coating not only upgraded the barricade but also bestowed fast biodegradability (Cinelli et al. 2014) . Vitamin D fortification of cheese is anticipated to enhance its nutritional value. However, the long ripening period tends to degrade the vitamin. This study was conducted to increase the retention of vitamin D3 in Cheddar cheese by incorporating it as an oil-in-water emulsion to obtain a fortification limit of 280 IU/serving. When an emulsifier made of sodium caseinate, calcium caseinate and whey protein was used about 74-78 % vitamin holding was reported (Tippetts et al. 2012) . Stable nanoemulsions are sought after for food and pharmaceutical applications. Several studies have shown that food proteins can be developed as emulsifiers. In this study nanoemulsions were stabilized by whey protein isolates as verified under various ionic strengths and thermal treatments which maintained stability during the storage period. The result suggested that it may not be necessary to use a polysaccharide such as carrageenan, chitosan, xanthan, gum arabic or alginate as a second layer for the preparation of nanoemulsions when a relatively high protein concentration was used as the emulsifier ).
Technical advancement
Whey proteins are extracted from whey by membrane filtration followed by spray drying. Figure 2 shows the crucial steps in generation of various whey protein products. The concentrate does not undergo rigorous filtration steps, so they contain some fats and lactose. However, the isolate is manufactured using ultra-filtration, spray drying and evaporation. Ultra-filtration is an ideal technology for preparing whey concentrate. Assorted enzymes are used to hydrolyze whey protein concentrate to reduce its antigenic fractions and increase the peptides content. Alcalase, flavourzyme, trypsin, chymotrypsin or papain are recruited to degrade major antigenic fractions (β-lactoglobulin) in the concentrate (Liu et al. 2014b; Zhang et al. 2012) . Cutting-edge techniques such as laser diffraction spectroscopy, rheology, tribology, scanning electron microscopy have facilitated characterization of whey components. Supercritical carbon dioxide was developed to fractionate α-lactalbumin and β-lactoglobulin from whey protein isolates. At 5.5-34 MPa and 60-65°C, solubilised supercritical carbon dioxide decreased solution pH and induced the formation and precipitation of α-lactalbumin aggregates (Bonnaillie and Tomasula 2012) . Combination of membrane technology is expected to increase cheese yield by incorporation of the whey proteins. Flavor plays a critical role in extensive use of whey protein ingredients. Off-flavours in the protein negatively influence consumer acceptance. Cheddar cheese whey is yellow colored due to the additive pigment annatto (benign, orange-coloured dye from plant origin). Bleaching to generate colourless whey is important. Currently, hydrogen peroxide and benzoyl peroxide are utilized for bleaching whey before spray drying to produce neutral-coloured whey protein, which often gives off-flavour. Wide usage of whey protein requires a bland-tasting final product (Croissant et al. 2009 ). Lipid oxidation products (hexanal, heptanal, octanal, and nonanal) are primary contributors to the unpleasant odor. Adequate understanding of flavor formation and strategy to minimize it seems important. A study suggested that the addition of antioxidant ascorbic acid to liquid whey before subsequent processing might be beneficial in suppressing the flavour of spray-dried whey protein (Liaw et al. 2010) . Also, the acidification of liquid whey protein (to pH 3.5) before spray drying (at 5.5-6.5) decreased offflavour of the dried whey protein concentrate. Based on the results, it was inferred that the foul odour is generated due to interaction of the protein with volatile compounds. At low pH, production of the aroma compounds such as hexanal, heptanal, nonanal, decanal, dimethyl disulfide, and dimethyl trisulfide were substantially attenuated (Park et al. 2014) . Limiting the off-flavor production by reduced proteolysis of the why protein by above discussed methods can enhance consumer acceptance.
Quality improvement/combination with other supplement
Bitterness of whey protein hydrolysate is a detriment in its wider applications in food and pharmacy. Enzymatic hydrolysis leads to break down of α-lactalbumin, β-lactoglobulin, serum albumin and β-casein, liberating the bitter peptides. Different inhibitors capable of masking the unpleasant taste of whey protein hydrolysate were studied (Leksrisompong et al. 2012) . Sucralose, fructose, sucrose, adenosine 5′ monophosphate (5'AMP), adenosine 5'monophosphate disodium, sodium acetate, monosodium glutamate, sodium gluconate and sodium chloride were found effective in concealing the bitterness. However, it is important to trace down the peptides compromising the taste and remove them. In this regard, four bitter peptides were identified in the hydrolysate by sensory-guided fractionation techniques (combination of ultra-filtration and chromatography). LC-TOF-MS/ MS analysis identified the constituent amino acids in the peptides (Liu et al. 2014b) . Supplementing whey protein concentrates with spirulina (blue-green freshwater algae rich in protein) improved antioxidant, radical scavenging and metalchelating activities in dose-dependent manner, in both in vitro and in vivo studies. In rat models, CCl 4 -induced liver damage amelioration was more pronounced in the group who received the combination (Gad et al. 2011) . Some instances of allergic conditions have been associated with whey protein. Children constitute the vulnerable group for cow milk protein allergy (CMPA), 2-7 % of them developing this intolerance (Solinas et al. 2010) . Atopic dermatitis is a major manifestation of this allergy (Botteman and Detzel 2015) . Respiratory allergies include asthma, rhinitis, wheezing, coughing, and laryngeal edema (Hochwallner et al. 2014) . Gastrointestinal upsets like diarrhea, abdominal pain, nausea, vomiting are observed (Kattan et al. 2011) . Also, the milk ingestion can provoke anaphylactic reactions in sensitive infants (Ameratunga and Woon 2010) . It necessitates assessment of allergenicity risks prior to administration of whey protein-based supplements. Heat treatment is known to reduce the antigenicity of whey proteins. The effect of heat in moderating the antigenicity of α-lactalbumin and β-lactoglobulin in whey protein isolate was investigated through indirect competitive enzyme-linked immunosorbent assay (ELISA). Above 90°C, the antigenicity of both proteins showed significant drop (Bu et al. 2009 ). Yet it is a predominant risk factor for infants. Enzymatic hydrolysis also reduces the allergenicity. As mentioned in the technical advancement section, an array of enzymes are used to decimate the antigenic fragments by hydrolysis (Zhang et al. 2012; Liu et al. 2014b) . In vitro enzymatic hydrolysis of whey protein concentrates was performed using trypsin. Mice fed with the hydrolysate demonstrated increased IFN-γ secretion, which suggested that hydrolysis might be crucial in lowering allergenicity of whey protein concentrate (Duan et al. 2014 ). However, the hydrolysis often produces bitter peptides and destroys the biological function of the protein. Ultrafiltration is used to remove the large residual peptides causing the bitterness (Liu et al. 2014b) . So, at present scenario, there is a trade-off between allergenity reduction and bitterness increment.
Conclusions
The findings above testify that whey is no more a mere byproduct of dairy processing. Increasing number of nutritionists are endorsing whey protein as an excellent nutrient. An array of whey protein-enriched formula can be prepared for target group such as infants, cardiac-risk group, geriatrics, diabetics, phenylketonuria patients, and athletes. Sensorial improvement and allergenic reduction are areas to address for optimal exploitation. Whey protein is proving to be an immune-nutrient and its dietary intervention to tackle cancer could be a promising area of research. New strategies must be devised to expand the utility of this underutilized resource. Its usage in improvement of nutritional status and alleviation of metabolic syndromes ought to be intensified.
